Abstract Amplitude ratio of 30 short-period conspicuous P5KP and PKPab phases from five intermediate depth or deep events in Fiji-Tonga recorded at European stations around 150°distance shows a mean value two to three times the ratio of the synthetic amplitudes obtained by the normal-mode theory (and ak135 model) or by full-wave theory (and PREM). There is a large variance in the results, also observed in five amplitude ratios from one event in Argentina observed at temporary stations in China around 156°. Global recordings of three major deep earthquakes in Fiji, Bonin, and Western Brazil observed at ASAR, WRA, and ZRNK arrays, at 59 North America stations and at six South Pole stations displayed conspicuous P4KP and PcP (or ScP) phases. The amplitude ratio values of P4KP vs P(S)cP are sometimes almost one order of magnitude larger than the corresponding values of the synthetics. In both cases, arrival times and slowness values (corrected for ellipticity and station elevation) at the distances up to 23°beyond the A cutoff point predicted by ray theory match both the synthetics, suggesting the observations are the AB branch of PmKP (m04, 5) around 1 Hz. In disagreement to ray theory, no reliable BC branch is observed neither on the recordings nor on the normal-mode synthetics. The high amplitude ratio values cannot be explained by realistic perturbations of the velocity or attenuation values of the global models in the proximity of the core-to-mantle boundary (CMB). We speculate that the focusing effects and/or strong scattering most likely associated to some anomalous velocity areas of the lowermost mantle are responsible for that. The results suggest limitations of the previous evaluations of the short-period attenuation in the outer core from PmKP amplitudes (m≥3), irrespective of the fact that they are obtained by using ray theory, normalmode or full-wave synthetics. Attempts to use PmKP arrival times in order to refine velocity structure in the proximity of CMB should be also regarded with care if the propagation times have been computed with ray theory.
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Introduction
Ray theory (e.g., Crotwell et al. 1999 ) routinely predicts two branches (BC and AB) for PmKP (m>02) core phases, multiple reflected by the inner side of the coreto-mantle boundary (CMB). For m04, the slowness of P4KP BC branch, having the bouncing point deeper located in the outer core (OC), slightly decrease from around 4.3 s/deg to 2.2 s/deg. That phase should be theoretically observed from epicentral distances around 41°(the position of the cusp point B) up to antipodal position of C point. The P4KP AB branch (with a shallow bouncing point in the OC) should be recorded up to an epicentral distance around 54°(i.e., the position of the cutoff point A). Its slowness increases from 4.3 to 4.45 s/deg, the last value corresponding to the diffraction on CMB.
For P5KP, the cusp point B is located close to 122°, while the cutoff point A is around 133°. The above positions of the cusp/cutoff points only slightly depend on the global model used in computations and on the focal depth. Engdahl (1968) was the first to identify such multiple reflections within the Earth's core, suggesting their importance in estimating the properties of the CMB and the value of the attenuation factor Q P in the OC. For m≥ 3, he mentioned that the observations beyond the cutoff point A better match the AB branch, probably due to the high value of the reflection coefficient on CMB. Adams (1972) assumed that the absence of the BC branch was the result of a severe amplitude decrease at each internal reflection of P3KP or P4KP, due to steeper incidence angles at CMB. A further possible explanation has been suggested by Qamar and Eisenberg (1974) . They proposed that the decrease of the amplitude was due to geometrical spreading.
Observations of P2KPab about 7.5°past the ray theoretical cutoff distances have been interpreted by Rost and Garnero (2006) as diffraction along the major arc and used to map ultralow velocity zones of the lowermost mantle. Because PmKP waves are piercing CMB at near-grazing incidence, Richards (1973) and Cormier and Richards (1976) underlined the necessity of using full-wave theory in evaluation of the amplitudes, especially considering the high-frequency content (around 1 Hz) of such phases. However, full-wave theory itself cannot predict the arrival times/slowness, but only the amplitudes of PmKP.
Short-period attenuation in the OC attenuation has been estimated by using the amplitude (spectral) ratio method and ray theory applied to various pairs of phases, providing a large range of the results. Sacks (1971) used P′P′ vs P, obtaining a minimum Q P of 3,000 (in agreement to the lower value of 2,200 of Adams (1972) ) and a more confident value of 10,000. From amplitude ratios of P3KP, P4KP, and P5KP, Buchbinder (1971 Buchbinder ( , 1972 ) determined a Q P value around 4,000 and estimated travel times and velocities in OC. Qamar and Eisenberg (1974) reported a shortperiod Q P in the range 5,000-10,000 from P7KP vs P4KP. Various global models actually assume extremely low attenuation in the OC (e.g., Q P 057,822 for ak135 model (Montagner and Kennett 1996) ). That value is based mainly on Earth's free oscillations. Recent reports (e.g., Helffrich and Kaneshima 2004) indicate that the attenuation in the OC is constant and low, with no evidence for layering, except the lowermost OC (e.g., Zou et al. 2008; Cormier 2009 ).
Several previous studies reported anomalous amplitudes ratio of various phases. Schweitzer and Műller (1986) observed low amplitude ratios SKS-to-SKKS for Tonga-Fiji events recorded at American stations, probably because of strong horizontal S-velocity gradients in the lower mantle on the source side, confirmed by the tomographic models (e.g., Masters et al. 2000) . Large variations of PcP-to-P amplitudes at Canadian Yellowknife array YKA for earthquakes in Western Aleutians have been reported by Rost and Revenaugh (2004) , with some values more than one order of magnitude larger than predicted by PREM or IASP91 models. Following an extensive discussion of various mechanisms able to produce such observations, their preferred interpretation is based on smallscale variations of the CMB reflection coefficient beneath the Alaskan Kenai Peninsula.
Herein, we report an observed amplitude ratio of conspicuous P5KP vs PKPab and P4KP vs PcP (or ScP) recorded globally around 1 Hz for major, deep events in Bonin, Fiji-Tonga, and South America. Arrival times and amplitudes are compared to the synthetics evaluated by normal-mode theory (Gilbert and Backus 1966; Takeuchi and Saito 1972) and the orthonormalized matrix algorithm of Wang (1999) , for numerical stability. For P5KP vs PKPab, synthetics have been also evaluated by the full-wave theory and Langer's approximation (Cormier and Richards 1977, 1988) using PREM model. Both the slowness and the propagation times of the normal-mode synthetics fully match the observations, but no significant energy is observed in relation to the BC branch predicted by ray theory. However, anomalous high amplitudes of the P5KP vs PKPab or P4KP vs P(S)cP are observed. We speculate that they indicate strong focusing effects and/or scattering, most likely located in the area of the piercing points on CMB of both PmKP and the reference phases.
Given the anomalous observed amplitudes around 1 Hz, previous results on the short-period attenuation factor Q P in the OC obtained from amplitudes of PmKP should be treated with caution, irrespective of the fact that they have been derived with full-wave or ray theory. When PmKP phases are used to refine velocity structure in the proximity of CMB, propagation times are better to be computed with normalmode synthetics rather than using ray theory.
Observations
In order to minimize scattering of the short-period amplitude phases (∼1 Hz) inside the crust or upper mantle and the waste of high energy there, only major (2010) was performed in order to avoid the misinterpretation of PmKP by phases related to aftershocks or to other earthquakes, eventually located in the proximity of the source-to-receiver path. For P5KP, we consider PKPab as a reference phase. For P4KP, the reference phase is PcP. If PcP has not been observed with a high signal-to-noise ratio (SNR), ScP has been used as reference. In that situation, the distance between P4KP and ScP piercing points on CMB is theoretically expected to be larger. Figure 2 illustrates the very similar path into the mantle for the PnKP and the reference phases. However, the branch of the core phases here is BC, ray theory indicating no AB branch at such epicentral distances. Further evidence is that the last branch is most likely present in our observations. 
Waveform processing
All the P5KP broadband data has been filtered to a WWSSN short-period instrument, which seems to be best suited for recording of such core phases (Bormann et al. 2002) and Hilbert transformed for better identification of the PKPab arrival. This is particularly necessary for distances around 147°, where the interference with PKPbc might render more difficult the exact identification of the PKPab arrival.
For all the P4KP and PcP recordings, filtering of the broadband data to a short-period S-13 sensor with a natural frequency around 1 Hz proved to be the most appropriate. No filtering has been used for other shortperiod recording sensors (e.g., Geotech 23900, Mark L-4c, Kinemetrics Ranger SS-1), as their instrument response is quite similar to S-13, at least around 1 Hz.
In all cases, the PmKP and the reference phases (PKPab or P(S)cP) have been identified based on their frequency content (around 1 Hz), impulsive onset, conspicuous amplitude above noise, and arrival times in the proximity of the values evaluated with TauP Toolkit and ak135 model (Crotwell et al. 1999 ). An example of P5KP recordings reduced by the Pdif slowness is presented in Fig. 3 , with the corresponding vespagram. By correlation of wave peaks or troughs between stations, relative arrival times have been obtained, and slowness has been evaluated by fitting a straight line. A comparison between observed and theoretical arrival times of both BC and AB branches of PmKP (m04, 5) is presented in Fig. 4 . A vespagram of P4KP arrivals is further illustrated in Fig. 5 .
Synthetic seismograms have been computed using normal-mode theory, for the Harvard CMT parameters of each event and the ak135 model. Such long-period focal mechanisms could be slightly different from the solutions obtained from short-period recordings (Rost and Revenaugh 2004) . However, differences between the take-off angles of P5KP and PKPab are less than 5°and the variations in the ratio of the far-field radiation patterns (P5KP vs PKPab) are below 3 % for all the events/stations in Table 1 . The situation is quite similar to P4KP and PcP. Use of ScP as a reference phase for P4KP provides less reliable results than considering the increased distance between their CMB piercing (reflection) points.
Peak-to-trough amplitudes have been evaluated for both the recordings and the synthetics (the last ones also filtered to a WWSSN_SP or S-13 instrument, respectively) and resampled to 8 Hz (sampling frequency of the synthetics). Routinely, both PmKP and the reference phases display a very narrow frequency band, as being represented by only two or three halfcycles with a period slightly above 1 s.
Good SNR examples are presented in Figs. 6 and 7. If the PmKP and/or the reference phase waveforms (synthetics or recordings) displayed more than three half-cycles above the noise, their amplitudes have Table 1 for details). Amplitude scale of P5KP traces (right) is 100 times greater than the corresponding scale of PKP (left). Arrows indicate DF, BC, and AB branches. All traces are WWSSN_SP filtered and Hilbert transformed. Sampling interval is 8 Hz for all traces. Figures on the synthetics indicate ellipticity (ellip) and station elevation (elev) corrections for the PKPab and for P5KPbc branches, to be add to the arrival times of the synthetics been measured for each peak-to-trough pair, and an error has been ascribed to in each case. Finally, the amplitude ratio of P5KP vs. PKPab and P4KP vs PcP (or ScP) has been evaluated, and several numerical tests performed by realistic modification of the ak135 model parameters in the proximity of the CMB.
Results and discussion
The observed minus computed (O−C) arrival times of PmKP are around 12 s when the computations are performed using the ray theory and TauP method (Crotwell et al. 1999) , which predicts the existence of only the BC branch at most distances in this study. Such differences cannot be explained by ellipticity/ asphericity corrections (Doornbos 1988) , which are around 1-2 s. However, the observed PmKP arrival times are very closed to the normal-mode synthetics.
The observed slowness values are listed in Table 2 with their 95 % errors (Draper and Smith 1966) . There is a relative large variance (standard deviation of±0.16 s/ deg) for the six slowness estimation of P5KP, most likely associated to mantle heterogeneities along the wave path, but in agreement to other estimations of Pdif slowness (see a synopsis in Wysession et al. 1992 ). The mean average of the slowness is 4.47 s/deg, very closed to the value of the 4.45 s/deg predicted by various global models for the AB branch near the cusp point B, or to the theoretical slowness of Pdif.
Amplitude results are presented in Table 3 and Fig. 8 for P5KP , showing an increased variance at distances below 150°, most likely due to the contamination of PKPab by PKPbc branch coda. Ignoring the extreme high values (associated routinely to lower SNR), the observed amplitude ratios also exceed the synthetic ones, by a factor of approximately two in the case of the five events from Fiji recorded by the European stations. There is a large variance of the results which cannot be exclusively associated to the noise level. The amplitude values of the normal-mode synthetics (and ak135 model) are very close to the theoretical values provided by the full-wave/Langer's approximation theory (and PREM). Given the close slowness values of the P5KP and reference phases, the high amplitude ratios in respect to the synthetics are difficult to explain by near-source (receiver) or upper mantle inhomogeneities (see a detailed discussion by Rost and Revenaugh (2004) ). Realistic perturbations of the properties in the proximity of the CMB cannot cause such anomalous values. For example, an increase of the P wave velocity immediately above CMB by 10 % (from 13.66 to 15.03 km/s in ak135 model) modifies the amplitude of P5KP synthetics by around 67 %. Decreasing the density just below CMB by 20 % (from 9.91 to 7.96 g/cm 3 ) also increases P5KP amplitude by another 23 %, but a precursor of the P5KP is clearly observed in synthetics but not in real data. Such changes lead to only minor variations in the PKPab reference phase amplitude. In fact, a significant decrease of velocity immediately below CMB also predicts a well-individualized arrival of S3KS in respect to SKS and SKKS, not seen in observations (Schweitzer and Műller 1986) .
Simulating the 1998 March 29 event at AQU station, a double attenuation value in OC (Q P 028911) decreases PKPab by around 2 % and P5KP by 9 %, without changing the pulse widths. So, both amplitude ratios or pulse width techniques are passive to realistic changes of the OC attenuation.
The observed amplitude ratios P4KP vs PcP (or ScP) are presented in Table 4 , indicating in some cases highly anomalous values when compared to the synthetics. A map of the P4KP/PcP amplitude ratios observed at the At the South Pole stations (Fig. 1) , ScP is the reference phase North American stations for the 2002 October 12 event is presented in Fig. 9 , suggesting a large regional anomaly, with amplitude ratios almost one-magnitude order higher than the synthetics in the central part of the area. Again, such anomalous values cannot be explained by realistic perturbations of the global model in the proximity of the CMB or by replacing the ak135 model to PREM or IASPEI91. Increasing the P wave velocity immediately above CMB by 10 % in the ak 135 model increases the P4KP/PcP amplitude ratio of the synthetics by less than 20 % for a station at 55°. Note that PcP vs P amplitudes are also higher than normal for that event (Fig. 10) , while the PcP vs P amplitude ratio of the synthetics is only slightly varying from 0.26 at a station like TXAR (Δ048.5°) to 0.18 at a distance Δ063.6°like NVAR.
Similar behavior seems also to apply to the PKPab vs PKPbc amplitude ratio of the observations, which seems to be higher than the corresponding synthetics (see Fig. 6 ).
Our observation of impulsive PmKP with the energy being highly focused around 1 s at distances like 20°or more beyond the cutoff point cannot be satisfactorily explained by a simple diffraction mechanism. Routinely, at such distances, Pdif is a very emergent, long-period phase, best observed in long-period (>10 s) recordings (see Astiz et al. 1996) .
So, we believe that a mechanism involving focusing and/or strong scattering (e.g., Kampfmann and Müller 1989; Bataille and Lund 1996; Vidale and Hedlin 1998) is responsible for our anomalous amplitude observations. At least for P5KP recordings at European stations of Fiji earthquakes, such focusing areas appear to be associated to the root of the Central Pacific super plume (Romanowicz and Gung 2002) . Observations at North America stations of the 2002 October 12 event in Western Brazil also have the piercing points of the P4KP phases located in the very proximity of areas where intense scattering in the lower mantle has previously been reported by Tibuleac and Herrin (1999) .
The anomalous amplitudes' observations suggest that previous results on the short-period attenuation factor Q P in the OC obtained from amplitudes of PmKP should be treated cautiously, irrespective of the fact that they have been derived with full-wave or ray theory. The relatively large variance in the amplitudes of PmKP and the reference phase having similar paths in the mantle, suggest that several results based on other phases interacting with CMB but having larger distances between their CMB piercing points should also be regarded with care (e.g., Koper and Pyle 2004) .
The variance of the PKP amplitudes around 1 Hz could also partially explain the large range in the Q P attenuation factor in the inner core obtained with spectral ratio method (routinely performed in the frequency band 0.2-2 Hz). It is usually assumed to be the result of a mosaic-like structure at the inner core boundary (Krasnoshchekov et al. 2005) or of strong heterogeneity at the base of the mantle (Bowers et al. 2000) . It could also explain the exception of linearity in the frequency spectra of PKPbc vs. PKPdf observed by Souriau and Roudil (1995) for some paths from southwest Pacific events to Western European stations.
Finally, we note that no reliable conspicuous forerunners or post-cursors of PmKP have been observed in this study, in agreement to Helffrich and Kaneshima (2004) .
Conclusions
Two branches, BC and AB are predicted by ray theory for the seismic waves multiple reflected within Earth's outer core. In this study, no reliable presence of the BC branch of PmKP (m04 or 5) could be observed in neither recordings nor normal-mode synthetics. The observed arrival times and slowness values suggest that the observations are the AB branch of PmKP, in agreement to the supposition of Engdahl (1968) or Adams (1972) on other multiple core reflections. Consequently, attempts to use PmKP in order to refine velocity structure in the proximity of CMB should use the propagation times computed with normal-mode synthetics. This is of particular importance for observations performed beyond the cutoff point A. Here, the differences between travel times computed with ray theory and normal-mode synthetics can reach 10 s or more.
Most of the PmKP observations show anomalous high amplitude ratios when compared to reference phases having a very similar path in the mantle. Such amplitudes cannot be explained by realistic changes of the global models parameters near CMB. Hence, attempts to use PmKP amplitudes in order to estimate short-period (around 1 Hz) attenuation factor Q P in the outer core should be regarded with care.
